The L-valine production strain of Escherichia coli was constructed by rational metabolic engineering and stepwise improvement based on transcriptome analysis and gene knockout simulation of the in silico genome-scale metabolic network. Feedback inhibition of acetohydroxy acid synthase isoenzyme III by L-valine was removed by site-directed mutagenesis, and the native promoter containing the transcriptional attenuator leader regions of the ilvGMEDA and ilvBN operon was replaced with the tac promoter. The ilvA, leuA, and panB genes were deleted to make more precursors available for L-valine biosynthesis. This engineered Val strain harboring a plasmid overexpressing the ilvBN genes produced 1.31 g/liter L-valine. Comparative transcriptome profiling was performed during batch fermentation of the engineered and control strains. Among the down-regulated genes, the lrp and ygaZH genes, which encode a global regulator Lrp and L-valine exporter, respectively, were overexpressed. Amplification of the lrp, ygaZH, and lrp-ygaZH genes led to the enhanced production of L-valine by 21.6%, 47.1%, and 113%, respectively. Further improvement was achieved by using in silico gene knockout simulation, which identified the aceF, mdh, and pfkA genes as knockout targets. The VAMF strain (Val ⌬aceF ⌬mdh ⌬pfkA) overexpressing the ilvBN, ilvCED, ygaZH, and lrp genes was able to produce 7.55 g/liter L-valine from 20 g/liter glucose in batch culture, resulting in a high yield of 0.378 g of L-valine per gram of glucose. These results suggest that an industrially competitive strain can be efficiently developed by metabolic engineering based on combined rational modification, transcriptome profiling, and systems-level in silico analysis.
M
ost amino acid-producing bacterial strains have been constructed by random mutagenesis. A significant disadvantage of this approach is the possibility that the random distribution of mutations in regions not directly related to amino acid biosynthesis can cause unwanted changes in physiology and growth retardation. Rational metabolic engineering by specific targeted modifications can overcome this disadvantage. The recent development of omics technology, combined with computational analysis, now provides a new avenue for strain improvement (1) (2) (3) (4) by providing new information extracted from a large number of data, which is termed ''systems biotechnology'' (5).
L-valine, an essential hydrophobic and branched-chain amino acid, is used as a component of cosmetics and pharmaceuticals as well as animal feed additives. L-valine has been produced by employing bacteria belonging to the genera Brevibacterium, Corynebacterium, and Serratia, which have been improved by random mutation and selection (6, 7) . A recent report describes the production of L-valine by rationally constructed Corynebacterium glutamicum, in which a feedback inhibition-resistant small subunit of acetohydroxy acid synthase (AHAS; encoded by ilvN) was generated by site-directed mutagenesis; the panB (encoding pantothenate synthase) and ilvA (encoding threonine dehydratase) genes were deleted; and the ilvBNC operon, encoding acetohydroxy acid synthase (ilvBN), and acetohydroxy acid isomeroreductase (ilvC) were overexpressed (8) .
Escherichia coli has been widely used for amino acid production. For example, randomly mutated and/or metabolically engineered E. coli strains have been used for the production of L-threonine (2), L-phenylalanine (9) , and L-alanine (10) . However, there has been no report on the production of L-valine by E. coli constructed by rational metabolic engineering. This situation may be because E. coli possesses more complex regulatory mechanisms for L-valine biosynthesis than other microorganisms, which makes it difficult to redirect the flux toward enhanced L-valine production. E. coli has three AHAS isoenzymes, key enzymes in the biosynthesis of branched-chain amino acids. Three E. coli AHAS isoenzymes differ in their biochemical properties and regulatory mechanisms (11) . The isoenzymes AHAS I, II, and III are encoded by the ilvBN, ilvGM, and ilvIH genes, respectively. Expression of the ilvGMEDA operon is controlled by transcriptional attenuation mediated by all three amino acids, L-leucine, L-valine, and L-isoleucine, whereas the expression of the ilvBN operon is controlled by attenuation mediated only by L-valine and L-leucine. The sites responsible for feedback inhibition are located in the small subunits of AHAS I and III encoded by ilvN (12) and ilvH (13, 14) , respectively. The isoenzyme AHAS II encoded by ilvGM is insensitive to L-valine (11) . It has been known that in the E. coli K-12 strain, AHAS II isoenzyme is not expressed because of frameshift mutation in ilvG (15) .
The global regulator leucine responsive protein (Lrp) is involved in the regulation of L-valine biosynthesis; it activates the expression of the ilvIH genes encoding the AHAS III isoenzyme (16, 17) and represses the expression of the ilvGMEDA operon encoding the AHAS II isoenzyme (18) . Lrp is also known to repress the expression of the livJ and livK genes, encoding the branched-chain amino acid transporter (19) . These regulatory roles of Lrp correlated well with the previous results from the global gene expression profiling in E. coli K12, which revealed that in an lrp-deleted strain, the expression levels of ilvG and ilvM genes were up-regulated by 2.17-and 3.07-fold, respectively, and that of the livJ gene by 2.32-fold (20) . However, its role in L-valine production in E. coli has not been elucidated.
In this study, rational metabolic engineering based on known regulatory and metabolic information and new knowledge generated by transcriptome analysis, combined with in silico simulation, was carried out to develop an E. coli strain capable of overproducing L-valine.
Results
Metabolic Engineering of E. coli for L-Valine Production. The E. coli W3110 strain was rationally engineered to produce L-valine by the following targeted genetic modifications. The biosynthetic pathways of branched-chain amino acids in E. coli, the regulations involved, and the strategies for constructing L-valine production strain are shown in Fig. 1 . First, feedback inhibition and transcriptional attenuation were removed by site-directed mutagenesis. The sequences involved in these regulatory mechanisms were identified from previously published data or patents (13, 14, (21) (22) (23) . Feedback inhibition in the small subunit of AHAS III encoded by the ilvH gene was removed by displacing the 41st base G with A and the 50th base C with T. Transcriptional attenuation sites were removed by displacing the attenuator leader region with the tac promoter by homologous recombination. The successfully mutated clone was identified by sacB-positive selection (24) . Although the frameshift mutation in ilvG causes defects in the expression of ilvG, the transcriptional attenuator needs to be replaced with the tac promoter for constitutive expression of the downstream ilvED genes. The WL3110 strain, a lacI-deleted W3110 strain, was constructed to allow constitutive expression of genes under the tac promoter without adding an inducer.
Second, L-valine production was enhanced by increasing the carbon flux toward L-valine formation. The availability of pyruvate and 2-ketoisovalerate is important because it can influence the flux toward L-valine formation. Pyruvate is used as a common substrate for biosynthesis of L-valine, L-leucine, and L-isoleucine. To eliminate the formation of 2-ketobutyrate, the intermediate precursor of L-isoleucine biosynthesis competing with L-valine biosynthesis, the ilvA gene (encoding L-threonine dehydratase), was knocked out. The panB (encoding 3-methyl-2-oxobutanoate hydroxymethyltransferase) and leuA (encoding 2-isopropylmalate synthase) genes were also knocked out to increase 2-ketoisovalerate availability toward L-valine synthesis. This base strain was named the Val strain, of which genotype was described in supporting information (SI) Table 2 .
After removing the feedback inhibition and attenuation followed by chromosomal inactivation of competing pathways, we amplified the AHAS I isoenzymes, which catalyze the first reaction of L-valine biosynthetic pathway. It is known that the AHAS I, encoded by the ilvBN genes, has a much higher affinity for pyruvate than for 2-ketobutyrate, compared with the isoenzymes AHAS II and AHAS III (25) . Hence, the ilvBN operon was selected for amplification. The operon was cloned into pKK223-3 to make pKKilvBN. The Val strain was transformed with pKKilvBN and cultured in a bioreactor. The time profiles of cell growth and L-valine production during the batch fermentation of Val (pKKilvBN) are shown in SI Fig. 4 . The growth rate of the recombinant Val strain was slightly lower than that of a control strain, WL3110 harboring pKK223-3 (SI Fig. 4 ). The Val (pKKilvBN) strain successfully produced 1.31 g/liter of L-valine. After this initial success in metabolic engineering of E. coli for L-valine production, further stepwise improvements were attempted by using this Val strain.
Transcriptome Analysis of the L-Valine Production Strain. To understand the altered global gene expression levels in the recombinant Val strain producing L-valine, transcriptome profiling was performed. Transcriptome profiles of Val (pKKilvBN) and WL3110 (pKK223-3) were compared by using the samples taken at the OD 600 of 6.55 (the former) and 6.77 (the latter). They were both at the exponential growth phase, and the specific growth rates were 0.14 h Ϫ1 for the former and 0.19 h Ϫ1 for the latter. At the time of sampling, the Val (pKKilvBN) strain produced 0.5 g/liter of Lvaline. Genes that were found to be significantly up-or downregulated are listed in SI Tables 3-5. The expression ratios of genes involved in central metabolic pathways and L-valine biosynthesis are shown in Fig. 2 . The expression levels of genes involved in glycolysis and pentose phosphate pathway were not significantly changed, whereas those of most of the genes in the tricarboxylic cycle decreased. The increased expression of AHAS isoenzymes, which are directing pyruvate toward L-valine biosynthesis, may cause depletion of acetyl-CoA and thereby reduce the expression of tricarboxylic cycle genes.
As expected, the ilvBN genes, which were amplified both chromosomally (attenuation removal) and extrachromosomally (plasmid-born amplification), were significantly up-regulated by 54.46-(ilvB) and 32.50-fold (ilvN), respectively. The ilvGM genes, in which the native transcriptional attenuator leader region was replaced by the tac promoter, were also up-regulated by 7.41-(ilvG) and 2.21-fold (ilvM), respectively. Similarly, the ilvCDE genes that are involved in L-valine biosynthetic pathway were up-regulated by 3.74-, 4.28-, and 1.32-fold, respectively. However, the leuABCD genes involved in L-leucine biosynthesis were significantly downregulated to 0.17-, 0.14-, 0.31-, and 0.17-fold, respectively. These results revealed that the targeted genetic modifications were successfully reflected at the transcript level. Other notable changes found from transcriptome profiling are described in SI Text.
Enhanced Production of L-Valine by Coamplification of the ilvCED
Genes. Transcriptome profiling revealed that the expression levels of the ilvCED genes encoding acetohydroxy acid isomeroreductase (ilvC), branched-chain amino acid aminotransferase (ilvE), and dihydroxy acid dehydratase (ilvD) involved in the L-valine biosynthetic pathway ( Fig. 1) were increased in the recombinant Val strain (Fig. 2) . However, the extents of the increase were much less than those of the ilvBN genes (Fig. 2) . This result is easily understandable because the ilvBN genes were amplified by plasmid-based overexpression, whereas the ilvCED genes were not; only the attenuation control was removed for the ilvED genes. Thus, we decided to coamplify the ilvCED genes to possibly increase L-valine production. The ilvC and livED genes were cloned sequentially following the ilvBN operon in pKKilvBN to make pKKilvBNCED. The Val strain was transformed with pKKilvBNCED and cultured in NM2 medium for 48 h. The final OD 600 and L-valine concentration at the end of flask cultivation were 23.8 and 3.43 g/liter, respectively. Thus, the coamplification of the ilvCED genes was found to be beneficial for increasing L-valine production.
Influence of Lrp on L-Valine Production. According to the transcriptome data, the expression of the lrp gene was down-regulated to 0.52-fold (SI Table 4 ). This value was also validated by real-time RT-PCR analysis, which showed its down-regulation to 0.45-fold. It has been known that Lrp activates the expression of the ilvIH operon, which encodes the AHAS III isoenzyme (16) . Thus, down-regulation of lrp expression might have caused insufficient expression of the ilvIH operon. Indeed, the expression level of the ilvH gene decreased to 0.58-fold, whereas that of the ilvI gene stayed at the similar level. Furthermore, it has been known that exogenous L-leucine antagonizes the positive effect of Lrp on the expression of the ilvIH operon and certain Lrp-regulated genes (26, 27) . Because L-leucine is added during the cultivation to complement the auxotrophy, this also might have happened in our case. In another study, it has been reported that when the intracellular concentration of Lrp is sufficiently high, all positively regulated genes become insensitive to L-leucine (28) . Taken together, it was assumed that the L-leucine requirement in our system may cause insufficient activation of ilvIH expression by Lrp. For this reason, the lrp gene was selected for amplification to overcome the negative effect of L-leucine on ilvIH expression. However, we thought that overexpression of too many genes at the same time by using a high-copynumber plasmid may be detrimental to cell growth. Thus, the origin of replication of pKKilvBNCED was replaced with that of a medium-copy-number plasmid pBR322 to make pKBRilvBNCED (SI Fig. 5A ).
To examine the ability to produce L-valine, the Val strain harboring pKBRilvBNCED was cultured in NM2 medium for 48 h. The final OD 600 and L-valine concentrations were 25.65 and 3.73 g/liter, respectively. These values are slightly better than those obtained with the Val strain harboring pKKilvBNCED (see above). For the amplification of the lrp gene, plasmid pTrc184lrp, which is compatible with pKBRilvBNCED, was constructed (SI Fig. 4B ). When the Val strain harboring pKBRilvBNCED and pTrc184lrp was cultured under the same condition, the final L-valine concentration obtained was 4.34 g/liter (Table 1) , which is 21.6% higher than that obtained without lrp amplification. To see whether this increase is truly due to the availability of Lrp, the Vlrp strain, which is the lrp-deleted Val strain, was transformed with pKBRilvBNCED and cultured. The final L-valine concentration obtained was 2.38 g/liter, which is 36.2% lower than the control strain (Table 1) . These results suggest that amplification of the lrp gene is beneficial for L-valine production in E. coli.
Enhanced Production of L-Valine by Overexpressing the ygaZH Genes.
In C. glutamicum, which is the most widely used bacterium for amino acid production, the brnFE genes encode the exporter of branched-chain amino acids (29) . The E. coli genes homologous to brnFE were suggested to be the ygaZH genes by homology search (29) . The amino acid sequence of YgaZ showed 27% identity to that of BrnF (SI Fig. 6 ). Thus, we examined whether the ygaZH genes, which form an operon, encode an L-valine exporter. The ygaZH genes were knocked out in W3110 to make the WygaZH strain (SI Table 2 ). Then the minimal inhibitory concentration (MIC) test was performed for the W3110 and WygaZH strains by using an L-valine analogue, DL-norvaline, which is not metabolized by the cell (SI Table 6 ). The ygaZH-deficient WygaZH strain did not grow in the presence of 9 mM DL-norvaline, whereas the wild-type W3110 strain survived in the presence of 15 mM DL-norvaline. Furthermore, the W3110 strain harboring pTrc184ygaZH, which overproduces YgaZH, showed normal growth even in the presence of 50 mM DL-norvaline (SI Table 6 ). This result is the first experimental proof that YgaZH functions as an L-valine exporter.
According to the transcriptome data, the expression levels of the ygaZ and ygaH genes decreased to 0.75-and 0.61-fold, respectively, in the recombinant Val strain (SI Table 4 ). We thus reasoned that the low-level expression of the ygaZH genes might have been limiting the L-valine production. Hence, the ygaZH genes were overexpressed by using pTrc184ygaZH plasmid in the Val (pK- 
Synergistic Effect of Lrp and YgaZH on L-Valine Production.
Because the overexpression of the lrp and ygaZH genes resulted in the increased production of L-valine by 21.6% and 47.1%, respectively, we tried to overexpress both genes at the same time. The recombinant Val strain harboring pKBRilvBNCED and pTrc184ygaZHlrp produced 7.61 g/liter L-valine, which is 113% higher than that produced by the control strain. Thus, the effect of Lrp and YgaZH is more than additive, and the positive effect of Lrp seems to be further enhanced when accumulated L-valine is more rapidly exported by the overproduced YgaZH. To understand the reason for this positive effect of coexpressing the lrp and ygaZH genes, the regulation of ygaZH expression by Lrp was investigated by real-time RT-PCR analysis by using the W3110 and Wlrp strains in response to 5 M L-valine. In W3110, the expression of the lrp, ygaZ, and ygaH genes increased by 6.96-, 4.0-, and 3.2-fold, respectively, in response to 5 M L-valine. However, the expression of the ygaZ and ygaH genes in the Wlrp strain decreased to 0.7-and 0.5-fold, respectively. These results suggest that the induction of the ygaZH expression by L-valine is likely to be mediated by Lrp, which functions as an activator of ygaZH expression.
Metabolic Engineering Based on in Silico Gene Knockout Studies. To further improve the Val strain, in silico gene knockout simulation studies were performed (SI Table 7 ). Fig. 3 presents the results of the in silico gene knockout simulation with respect to L-valine production and growth rates. It was straightforward to select the first knockout target as the aceF (or aceE or lpdA) gene (encoding pyruvate dehydrogenase); the L-valine production rate was increased by 2-fold to 0.377 mmol⅐gDW Ϫ1 ⅐h Ϫ1 in this pyruvate dehydrogenase knockout mutant strain (Fig. 3A) by increasing the pyruvate pool. Consequently, we selected the aceF gene as the first knockout candidate because it affects the pyruvate dehydrogenase activity most significantly (10) . After deleting the aceF gene, the second knockout candidate was identified by simulating the additional gene knockout effects on metabolic flux distribution by using the Val (⌬aceF) strain. Knocking out the tpiA gene was predicted to increase the L-valine production rate most significantly, but the growth rate was significantly reduced as well (Fig. 3B) . Thus, the next best target, the pfkA/B gene, was selected as the second gene knockout candidate because it allows a considerable increase in the L-valine production rate with less reduction in the growth rate. The pfkA/B knockout seems to increase the availability of NADPH, an important cofactor for L-valine production, by pushing more carbon flux toward the pentose phosphate pathway. For the actual inactivation of phosphofructokinase, the pfkA gene was deleted because it encodes 6-phosphofructokinase-1, which possesses 90% of the activity (30) . Using the Val (⌬aceF ⌬pfkA) strain, the third gene knockout simulation was performed (Fig. 3C ). There were several gene knockout candidates that were able to increase the L-valine production rate further. Among these, knocking out the mdh gene resulted in the highest increase of the L-valine production rate. Thus, the mdh gene was chosen as the third knockout target to inactivate malate dehydrogenase (31) . By doing so, the pyruvate pool is expected to be indirectly increased by the enhanced flux of malate to pyruvate by a malic enzyme. Further knockout simulation was not attempted because the triple knockout mutant strain already showed significantly lower growth rate than the wild-type strain. These three predicted genes were knocked out by chromosomal gene inactivation by using the red operon (SI Text). Consequently, the VAMF strain, which is Val (⌬aceF ⌬mdh ⌬pfkA), was constructed. For the better growth of the VAMF strain lacking in pyruvate dehydrogenase, sodium acetate (3 g/liter) was supplemented.
To examine the performance of the VAMF strain, batch cultures of the following four recombinant strains were carried out in NM1 medium containing 20 g/liter glucose: Val (pKBRilvBNCED), VAMF (pKBRilvBNCED), Val (pKBRilvBNCED, pTrc184ygaZHlrp), and VA MF (pKBRilvBNCED, pTrc184ygaZHlrp). The final L-valine concentrations obtained with these four strains were 2.75, 4.00, 3.33, and 7.55 g/liter, respectively. The triple knockout mutation allowed a 45.5% increase in L-valine production over an engineered Val strain in the presence of plasmid pKBRilvBNCED. Furthermore, the L-valine concentration obtained with the VAMF (pKBRilvBNCED, pTrc184ygaZHlrp) was 2.27-fold higher than that obtained with the corresponding recombinant Val strain. The L-valine yield achieved with VA MF (pKBRilvBNCED, pTrc184ygaZHlrp) was as high as 0.378 g of L-valine per gram of glucose. These results suggest that metabolic engineering based on the results of an in silico genome-scale prediction of knockout targets is an efficient approach toward strain improvement.
Discussion
Traditionally, amino acid-producing strains have been developed by random mutagenesis and selection. Although various large-scale analytical techniques such as transcriptome and proteome analysis are now available, it is difficult to apply these techniques on the randomly mutated industrial strains for further strain improvement because of unknown mutations in their genome. Thus, the aim of this study was to construct a genetically well defined engineered E. coli strain based on known metabolic and regulatory information, transcriptome analysis, and in silico genome-scale knockout simulation. Although E. coli has more complex regulatory mechanisms for L-valine biosynthesis than any other microorganisms, many known regulatory mechanisms could be engineered toward enhanced L-valine production. After the systematic metabolic engineering of E. coli, we were able to achieve a high yield of 0.378 g of L-valine per gram of glucose, which is even higher than that of industrial C. glutamicum or E. coli strains developed by random mutation and selection. More importantly, the engineered strain developed in this study can be further improved because all of the modifications are clearly defined, which is not easy for those randomly mutagenized strains.
We first constructed the L-valine-producing E. coli base strain by rational metabolic engineering by using the metabolic and regulatory information available in the literature. Then this base strain was improved stepwise by metabolic engineering based on new information obtained from transcriptome analysis and in silico gene knockout simulation. First, based on the published metabolic and regulatory information, we removed feedback inhibition and attenuation by chromosomal replacement and knocked out the genes responsible for the major competing pathways. It should be mentioned that removal of another feedback inhibition may be necessary to further increase L-valine production; the feedback inhibition in the small subunit of AHAS I encoded by ilvN was not removed in this study because the site responsible for inhibition has not been reported yet. This Val strain was used as a base strain for L-valine production. Then several genes encoding those enzymes directly involved in L-valine biosynthesis were amplified. After the manipulation of all these known and rationally selected genes, no further engineering targets could be easily identified. Thus, we performed comparative transcriptome profiling on the control and L-valineproducing strains to examine the differences in global transcript levels between the two strains.
Among the up-regulated genes was the ilvC gene encoding acetohydroxy acid isomeroreductase. It has been known that the expression of the ilvC gene is induced by acetolactate. This induction is mediated by a positive transcriptional activator encoded by the ilvY gene (32) . In the production strain, acetolactate was accumulated by amplified AHAS I encoded by the ilvBN genes. Thus, the accumulated acetolactate seems to result in IlvYmediated induction of the ilvC gene expression. Among the 35 genes that showed significant down-regulation, we could easily remove the leuABD genes from the possible gene amplification targets; their down-regulation is beneficial for increased L-valine production as we originally designed. We went through the list of 32 other down-regulated genes to select those that may positively affect L-valine production. It should be admitted that there is no general method to select the amplification target genes among the down-regulated genes. First, the lrp gene, which encodes a global regulator Lrp, was selected as a target; this was because Lrp positively regulates the expression of genes involved in L-valine biosynthesis, such as ilvIH. Because the Val strain is auxotrophic to L-leucine, we need to add L-leucine exogenously. However, Lleucine binds to Lrp and prevents it from activating L-valine biosynthesis genes. Thus, it was thought that a sufficient level of Lrp is required to activate the expression of L-valine biosynthesis genes in the presence of exogenous L-leucine. It should be noted that E. coli has three acetohydroxyacid synthase isoenzymes (AHAS I, II, III), which are encoded by the ilvBN, ilvGM, and ilvIH genes, respectively. Among them, AHAS II is not expressed in E. coli K-12 due to the frameshift mutation in the ilvG gene. Because the plasmid-born amplification of many genes can be a burden to cell growth, we decided to overexpress only one of them. Thus, we overexpressed the ilvBN genes encoding AHAS I, which has a higher affinity for pyruvate, the most important precursor for L-valine formation. Additionally, by using the Lrp, which upregulates the expression of the ilvIH gene (encoding AHAS III), further amplification of AHAS was possible without any detrimental effect of plasmid-born overexpression. Furthermore, because the expression of the ilvGM operon is repressed by Lrp (18), the native promoter of the ilvGM operon, to which Lrp binds, was replaced with the tac promoter to abolish the repression. As a result, we used only the positive effect of Lrp on L-valine production by the overexpression of the lrp gene. As expected, the overexpression of the lrp gene enhanced L-valine production by 21.6% (Table 1) . Opposite results were obtained in the lrp knockout mutant, which further proves that Lrp is necessary for efficient L-valine production in E. coli.
Another amplification target gene, the ygaZH genes encoding a protein showing significant homology to the known Corynebacterium L-valine exporter, could be selected from the results of transcriptome profiling. Recently, YgaZH was suggested to be an L-valine exporter in the patent (33) . We independently identified this gene by BLAST search and proved by knocking-out and amplification studies that it is truly involved in the export of L-valine. Interestingly, the level of L-valine production did not change in the ygaZH-deleted L-valine production strain (Table 1) . This result suggests that YgaZH may not be the major L-valine exporter in E. coli. Nonetheless, the overexpression of the ygaZH genes allowed enhanced production of L-valine. Also, we were able to show that the expression of the ygaZH genes is activated by Lrp. The cooverexpression of the lrp and ygaZH genes was synergistic and led to a 2.13-fold increase in L-valine production up to a level of 7.61 g/liter from 50 g/liter glucose in flask culture. Recently, the L-leucine exporter in E. coli encoded by the yeaS gene has been published (34) . It was shown that the MICs of L-valine in E. coli TG1, the yeaS-amplified TG1, and the yeaS-deleted TG1 strains were 0.002, 0.005, and 0.001 mg/ml, respectively. This result suggests that the yeaS gene product may also function as an L-valine exporter in E. coli. However, the small difference in MIC also suggests that the yeaS gene product may not be a major L-valine exporter in E. coli either. Identifying the major L-valine exporter in E. coli will be a good strategy for further improvement of L-valine production.
Further improvement of the L-valine-producing strain was achieved by using the results obtained from in silico gene knockout simulation. There has been no report on the successful application of in silico prediction strategy to improving amino acid-producing strains. By sequential in silico gene knockout studies, we were able to identify a triple mutant strain that allowed a higher L-valine production rate with a reasonable growth rate. In the VAMF strain, which is a base Val strain with additional knockouts in the aceF, mdh, and pfkA genes, the flux through pyruvate was increased by directly blocking the pyruvate and malate dehydrogenases. Deletion of the pfkA gene increases the flux through the pentose phosphate pathway and thus produces more NADPH, which is required for L-valine biosynthesis. The VAMF strain harboring pKBRilvBNCED and pTrc184ygaZHlrp showed a 126.7% increase in L-valine production, compared with the Val strain harboring the same plasmids. These results suggest that the beneficial effects of flux redistribution on L-valine production achieved in VAMF strain could be further strengthened by implementing regulatory and export engineering. It should be noted that the in silico simulation currently used does not account for any regulatory mechanisms and exporting effects. Hence, it is important to combine the results of transcriptome profiling and in silico metabolic flux analysis, which are complementary to each other.
In summary, rational metabolic engineering based on known metabolic and regulatory information, and new information derived from transcriptome analysis and in silico simulation, allowed for the development of an E. coli strain capable of efficiently producing L-valine. An impressively high yield of 0.378 g of L-valine per gram of glucose could be achieved by using this metabolically engineered strain in batch culture. The approaches described in this article are a good example of systematically engineering strains for the enhanced production of amino acids, and they can also be applied in general for developing strains for the efficient production of other metabolites.
Materials and Methods
Bacterial Strains, Plasmids, and Chromosome Manipulation. The strains and plasmids constructed and used in this study are listed in SI Table 2 . The primers used for gene cloning and deletion are listed in SI Table 8 . Detailed procedures for the construction of plasmids are shown in SI Text and SI Figs. 5 and 7. All DNA manipulations were carried out by following standard protocols (35) . Detailed procedures for site-directed mutagenesis and gene inactivation are described in SI Text. All the genes described in this paper are listed in SI Table 9 .
Cultivation and Transcriptome Profiling. Batch fermentation of wildtype and engineered E. coli strains was performed in semidefined NM1 medium at 31°C (pH 6.0). Flask cultures were carried out in 250-ml baffled flasks containing NM2 medium at 31°C and 250 rpm with shaking incubator (SI-900; Jeio Tech, Daejeon, Korea). Culture media, culture conditions, and the procedure for determining a minimal inhibitory concentration of DL-norvaline are described in detail in SI Text. Transcriptome profiling was performed by using the TwinChip E. coli-6K oligo chip (Digital Genomics, Seoul, Korea) following the manufacturer's protocol. Detailed procedures can be found in SI Text. The mean signal intensity values of the duplicate spots were averaged and then normalized by the global normalization method. The genes showing P values Ͻ0.05 were considered to be significant.
In Silico Analysis. The in silico gene-perturbation studies were performed by using the genome-scale metabolic model E. coli MBEL979 (SI Table 7 and ref. 36 ) consisting of 979 metabolic reactions and 814 metabolites (144 extracellular metabolites and 670 intermediates), which is a slightly modified network of iJR904 reported by Palsson et al. (37) . Constraints-based flux analysis was performed on the rationally engineered Val strain, in which the ilvA, leuA, and panB genes were knocked out. To implement the gene deletion during the in silico metabolic flux analysis, we provided a constraint that sets the flux through a corresponding reaction to zero. Further gene knockout targets were identified by employing the minimization of metabolic adjustment (MOMA) algorithm by using the linear and quadratic programming methods by using a GAMS script (38) . The base steady-state solution required for the quadratic programming for MOMA was calculated for each simulation by first solving the linear programming problem of maximizing the growth rate. For constraints-based flux analysis of the Val strain, the glucose-uptake and L-valine production rates of 4.37 and 0.17 mmol⅐gDW
, which are the experimentally measured values at the exponential growth phase (Ϸ10-11 h), were used as constraints. The uptake rates of L-isoleucine, Lleucine, and D-pantothenate, which were provided in the medium, were set to 5 mmol⅐gDW Ϫ1 ⅐h Ϫ1 , which were large enough to ensure cell growth. The simulation of metabolic flux distribution in multiple gene knockout mutants was performed by a sequential approach (39) . A gene was first identified whose deletion resulted in the maximum improvement in L-valine production, and double and triple mutants were subsequently sought by searching for the genes that upon knockout resulted in further improvement in L-valine production without too significant a reduction in the growth rate. To investigate the effects of sodium acetate addition on metabolic flux distribution, the acetic acid-uptake rate of 5 mmol⅐gDW Ϫ1 ⅐h Ϫ1 was arbitrarily set, which is larger than the actual acetic acid-uptake rate.
